A

t . . 0

AD-A243 756 BT
I P

L
AFIT/GE/ENG/91D-10 ; 3‘1\ o
g ™

RADAR SCATTERING FROM FOARMED
PLASTIC TARGET SUPPORTS

THESIS ‘

Michael W. Chambers, Captain, USAF

AFIT/GE/ENG/91D-10

Approved for Public release: distribution unlimited

91-19002 N
\WW\‘M\‘W\\\I\W\M\I‘W 91 122

o




Form Approved

REPORT DOCUMENTATION PAGE OMB No. 07040188

PUBIIC rO0MT NG DUraeN *Cr Ty JCUECton 3f NTIrmaticn s 35TMated *C 1verage ' ~Ouf Der “espOrse. 'NCLdING the 1:mMe *Of TevIewINg .NSTFLCTIONS 5837 =" 3 2v st ~] T3ty ,ouries
gathering ang Maintaining the data needed. and (CMOIENING ING revewing tre 12Hechon ot ntIrmation Send comments regarding this Durden 2stimate 3r any :ther jsgert oF *=5
coNecuon St AOrMation, NCudINg SuGQestlions 'Of reducing this Durden < Masmnglon ~eadquarters Services, Directorate for information Ooerations ana eocrs, ('3 arterson
Davis Mighway. Suite 204 Arhngton, . 22202-4302 and tC the Otf.ce ot Maragement ang dudget. Paperwork Reduction Project (0704-0188). washingtan ¢ (3523

1. AGENCY USE ONLY (Leave biank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
December 1991 Master's Thesis

4. TITLE AND SUBTITLE -. FUNDING NUMBERS

RADAR SCATTERING FROM FOAMED PLASTIC TARGET
SUPPORTS

6. AUTHOR(S)

Michael W. Chambers, Captain, USAF

7. PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Air Force Institute of Technology, WPAFB OH AFIT/GE/ENG/91D-10
45433-6583
9. SPONSORING ; MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING . MC NITORING

AGENCY REPORT NUMBER

6585 Test Group, RATSCAT, Holloman AFB, NM

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION COOE

Approved for public release;
distribution unlimited

/

13. ABSTRACT (Maximum 200 words) 7/
This study investigates the scattering fram fcamed
plastic target supports. This material is often used in both indoor and outdoor
ranges to support all sizes of targets for radar cross section RE8)-4—
measurements. Two cammon foamed plastics, styrofoam and expanded bead
polystyrene (EPS), are discussed. Two types of scattering are associated with
foamed plastic, conerent and incoherent. The incoherent is normally the lowest,
but has not been satisfactorily quantified. Coherent scattering is related to
the shape of the target, and the emphasis of this study is on the coherent
return. One goal was to predict the coherent RCS of an EPS colum using the
Uniform Theory of Diffraction (UTD). It was found that UTD can accurately
predict the backscatter of an EPS colum consisting of flat and curved surfaces.
The secand goal was to experimentally study the effects of shaping on coherent
RCS. The benefits of adding a vertical slope to circular cylindrical colums was
studied. RCS reductions of approximately 20 dB were achieved. Same low RCS
colum shapes were also measured; sloping did not produce a measurable RCS
reduction in these cases.

14. SUBJECT TERMS 15. NUMBER OF PAGES
128
Radar, Radar Cross Section, Electromagnetic 16. PRICE CODE

Scattering, Measurements, Plastics

17. SECURITY CLASSIFICATION | 18. SECURIT/ CLASSIFICATION | 19. SECURITY CLASSIFICATION [ 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified UL
NSN 7540-01-280-5500 Standard Form :‘98_ Rey 18”9

Prescrided Dy aNS '3 IR}
298.102




AFIT/GE/ENG/91D-10

RADAR SCATTERING FRGM FOAMED

PLASTIC TARGET SUPPORTS

THESIS o

Presented to the Faculty of the School of Engineering

of the Air Force Institute of Technology

Air University o ,,-;-Ji.

Acesnsica Far [

In Partial Fulfillment of the R uxaum_‘_é

D o O Lat (|

Requirement for the Degree of | s e od o
! .»Y»'s'.if.c&l.i(-ﬁ N

Master of Science in Electrical Engineering - .. ... . 77
. ‘ [ P

otoul Ll
Ve et vy X

Lt e S

Michael W. Chambers, B.S. Liat | Siaeacl i

{ 1
Captain, USAF ’P\'\ l

|

S

December 1991

Approved for Public release: distribution unlimited




Acknowl edgements

I would like to express my thanks to Captain Phil Joseph for his
help and guidance throughout this thesis project, fram start-up to
campletion. His open door policy kept me going during several rough
times when things weren't coming together as I thought they should.

I also appreciate the help of other AFIT staff, including Captain
Welsh and Dr. Pyati who served on my thesis camittee. Captain Mullinix
and Mr. Lindsay from the RCS Chamber provided expertise during numerous
RCS measurements.

I offer my most sincere gratitude to my wife, JoAnn, who
ehcouraged me throughout this entire effort. Her support reminded me of
the importance of reaching one's goals, even when they seem out of
reach. Also, a special thanks to my son Timothy, who made even the

stressful days seem a little more fum.

ii




Table of Contents

Acknowl edgements
List of Figures .
List of Tables
Abstract

I. Introduction
Background .
Foamed Plastlcs
Problem Statement .
Sequence of Presentation

II1. Scattering From Foamed Plastic .
Introduction e e .
Literature Review
Incoherent Scattering
Coherent Scattering

I11I. Diffraction Analysis of Coherent Scatter1ng .
Introduction . . e e e
Uniform Theory of D1ffract1cn
UTD for a Dielectric Strip .

Fresnal Reflection and Transnn551on Coeff1c1ents .

Radar Cross Section . .
RCS of Partial Cylinder

Iv. Experimental Study of Colum De31gn .
Introduction . . . . . . . . . .
Measurement Set-Up .

Low RCS Support Colums
Full Azimuth Scans . . .
Front Sector Azimuth Scans .
Incoherent Scattering
Prediction Model .

V. Conclusions and Recammendations .
Sumary . . . . . . e e e
Conclusions . .
Recammendations

1ii

W Ww

Lo
W N

. ii

vii

. viii

e e
s W

N
s WWLWwWwWw s NDNDNN
=t pt e . . . . [t . . .
NHWOBHRHE O

O G S S
O Ob h WH

L RCR T
WR




Appendix A: Fortran PredictionCode . . . . . . . . . . . . . . . A

Appendix B: Noise Floor Measurements of the AFIT RCS Chamber . . . B.
Appendix C: RCS Measurements of the Sloped Cylinders . . . . . . . C.
Appendix D: RCS Measurements of the Shaped Colums . . . . . . . . D.

9

Appendix E: RCS Measurements of the Sloped Diamond .
Appendix F: Impulse Response Plots of the Partial Cylinder . . . . F.

Bibliography . . . . . . . . . . . . ¢ .« . ¢ v « « v 4 « « . . Bibl.

iv




Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure

Figure
Figure

Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure

Figure
Figure

Figure

Figure

w W
N

wWw

w W

NN

WWWWwwbwww

[« QNS B S VIRN B

[

List of Fiqures

Physical Model of Styrofoam Structure . e e e e e 2
Shaped Blocks used by Knott and Senior . . . c e e . 2
Measured and Calculated RCS for Truncated Cones . 2
RCS versus Frequency of a 12" EPS Cube . . . ce. . 2.1
Reflections fram the Front and Rear of a Cube 2 |
Time Doamain Plot of EPS Cube, Normal Incidence . 2.1

GO Fields Near the Edge of a Semi-Infinite Half Plane . 3.2
Diffractions froam the Edge of a Semi-Infinite
Half Plane . . S
UTD Variable Deflnltlons . . 3
GO Fields Near a Curved (Concave and Convex)

Surface Edge . . . .. .. . .. 3.6
GO Fields from a D1e1ectr1c Half Plane e+« s+« . . 3.8
Reflection and Transmission from a Dielectric

Interface . . . . .. 3.9

Target Support Colurn used for Predlctlon Model
Physical Dimensions of the Target . ..
Regions Surrounding the Partial Cylmder
Shadow Boundaries Formed by Corner 1 . .
Example of Shadow Boundaries for Region 1
Shadow Boundaries for Region 2 . . e .
Shadow Boundaries for Region 4 . . .
Curved Face RSB and Reflection in Reglon 6 .
Measured Versus Theoretical RCS of the Partial

WWLWwWwLwww
o
(o)}

Cylinder, Vertical Polarization, F=10 Ghz. . . 3.25
Measured Versus Theoretical RCS of the Partial

Cylinder, Horizontal Polarization, F=10 GHz. . . . . 3.26
Measured Versus Theoretical RCS of the Half

Cylinder, Vertical Pclarization, F=10 Gz . . . . . 3.27
Measured Versus Theoretical RCS of the Half

Cylinder, Horizontal Polarization, F=10 GHz. . . . . 3.28
RCS Measurement Hardware . . . . . . . . . . . . . . 4.2
Cylindrical Colums 4.5

Azimuth Scan of nght Clrcular Cylmder, Vert1ca1
Polarization, F = 7 GHz. . . 4.6
Impulse Response and Frequency Response for ROC V Pol 4.7
Azimuth Scan of 10 Degree Sloped Cyllnder, Vertical

Polarization, F = 7 Ghz. .. e e e 4.8
Noise Floor Measurement . . 4.9
Frequency/Impulse Response of the 10 Degree Cylmder,
Vertical Polarization. . . 4.10
Frequency/Impulse Response of the 20 Degree Cylmder,
Vertical Polarization. . . 4.12
Frequency/Impulse Response of the 30 Degree Cylmder,
Vertical Polarization. . . . . . . . .. . 4.13




Figure
Figure

Figure

Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure
Figure

Figure
Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure
Figure

Figure
Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure

o W w
(VAR N o

MmmEmmEAE mm@m DUU 0000000

.10.
J11.

.12.

.13.
.14.

.15.
.16.
.17.
.18.
.19.
.20.
.21,

.22.
.23,

~N oG e WD

W N

[N

Db WN -

Top View of the Three Shaped Colums . .
Azimuth Scan of Wedge-Oglve Taken leferent Days,

Horizontal Polarization, F = 10 Ghz. . . .
Azimuth Scan of Ogive, Taken Different Days,
Horizontal Polarization, F = 10 GHz.

Azimuth Scan of Diamond, Horizontal Pol, F-lO GHz.
Frequency/Impulse Response of the Wedge—Oglve,
Tip-On, Horizontal Polarization.
Frequency/Impulse Response of Wedge-Oglve,

45° off Tip, Horizontal Polarization . .
Frequency/Impulse Response of the Ogive,

Tip-On, Horizontal Polarization.
Frequency/Impulse Response of the Oglve,

45" off Tip, Horizontal Polarization .
Frequency/Impulse Response of the Diamond,
Tip-On, Horizontal Polarization. . .
Frequency/Impulse Response of the D1amond

45° off Tip, Horizontal Polarization . . . .
Frequency Response of the 20 Degree Sloped
Cylinder, Horizontal Polarization. e e e
Azimuth Scan of Sloped Diamond, V-Pol, F=10 GHz.
Frequency Response of the Sloped Diamond, H-Pol.
Impulse Response of the Partial Cylinder, H-Pol.

Noise Floor Measurement, Azimuth Scan .
Noise Floor Measurement, Azimuth Scan .
Noise Floor Measurement, Frequency Scan .

Azimuth Scan of the 20° and 30° Sloped Cylinders.

Azimuth Scans of the RCC and the 10° Sloped Cylmder

Azimuth Scans of the 20° and 30° Sloped Cylinders .
Frequency/Time Damain Plot of the RCC .

Fregquency/Time Doamainn Plot of the 10° Sloped Cylmdet
Frequency/Time Damain Plot of the 20° Sloped Cylinder
Frequency/Time Damain Plot of the 30° Sloped Cylinder

Azimuth Scans of the Diamond .
Azimuth Scans of the Wedge-Ogive.
Azimuth Scans of the Ogive

Camparison of Diamond and Sloped Diamond at F=10 GHz.

Camparison of Tip-On Frequency Response . .
Impulse Response of the Diamond at 0° and 15

Impulse Response at 8 = 0° and 8 = §°
Impulse Response at 8 = 15" and 8 = 35
Impulse Response at 8 = 55" and 6 = 60°
Impulse Response at 8 = 70° and 6 = 90° .
Impulse Response at 8 = 120° and 8 = 135°
Impulse Respanse at 8 = 165" and 8 = 180°

vi

Ll - N

o o oo
o W N

oo aaaaoaaan

CRCACRCICICI Ny

~N OO0 W

.14

.16

.18
.19

.21
.22
.23
.24
.25
.26
.27
.28

.29
.31

(e o BES oA NG AR - UV ]

oW N

o> W N




List of Tables

Table 2.1. Average RCS of the Six Foam Ogives . . . . . . . . . . 2.6

Table 3.1. Regions of Interest . . . . . . . . . . . . .. ... 3.15

vii



Abstract

This study investigates the scattering from foamed plastic target
supports. This material is often used in both indoor and outdoor ranges
to support all sizes of targets for radar cross section (RCS)
measurements. Two cammon foamed plastics, styrofoam and expanded bead
polystyrene (EPS), are discussed. These materials have very low
reflection coefficients; thus, the scattered energy from supports
constructed of foamed plastics is minimal.

Two types of scattering are associated with foamed plastic,
coherent and incoherent, and both are discussed. The incoherent is
normally the lowest, but has not been satisfactorily quantified.
Coherent scattering is related to the shape of the target, and the
emphasis of this study is on the coherent retum.

One goal of this study was to predict the coherent RCS of an EPS
colum using the Uniform Theory of Diffraction (UTD). It was found that
UTD can accurately predict the backscatter of an EPS colum consisting
of flat and curved surfaces.

The second goal of this study was to experimentally study the
effects of shaping on coherent RCS. The benefits of adding a vertical
slope to circular cylindrical colums was studied. RCS reductions of
approximately 20 dB were achieved. Same low RCS colum shapes were also
measured; sloping did not produce a measurable RCS reduction in these

cases.
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RADAR SCATTERING FROM FOAMED PLASTIC TARGET SUPPORTS
I. Introduction

Background

One important parameter of a modern military aircraft is its radar
cross section (RCS). RCS is a measure of the radar power scattered in a
given direction, normalized with respect to the power density of the
incident field [1:47]. The RCS of small targets, including scale model
aircraft, can be measured in anechoic chambers designed for this
purpose. One example of such a facility is the Air Force Institute of
Technology (AFIT) RCS Measurement Chamber. Not all targets can be
measured in the laboratory environment. The Radar Target Scattering
Facility (RATSCAT), part of the 6585th Test Group, Hollaman AFB, New
Mexico has been tasked with the responsibility of measuring the RCS of
several classes of targets, including full scale aircraft.

A radar cross section measurement may be made by placing the
target upan a target support, which in turn may rest on a turntable.
This is canmonly done at RATSCAT. A radar transmitter of known
frequency illuninates the target. The target support should place the
target in the center of the transmitter's beamwidth. A receiver is used
to measure the amount of electromagnetic energy scattered fram the
target in a given direction. The primary consideration when choosing
the target support is that the scattered energy from it must be
significantly lower than that of the target. Normally, the transmit and
receive antennas are collocated, in which case the radar cross section

measurement is known as monostatic. The RCS of the target is calculated
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by camparing the received amplitude and phase to the received signal of
a calibrated reference target, usually a conducting sphere.

Since the target support structure also scatters the incident
radar energy, it is one of the largest measurement errors. As
mentioned, the target supports are designed to scatter as little energy
as possible in the direction of the receiver. When the target's RCS is
large, the error introduced by the support is usually minimal. However,
in the case where the target has a low RCS, the target support could
possibly produce a radar return stronger than that of the target.

The RCS of the target support colum is reduced by shaping and by
use of low reflective materials. For example, the AFIT RCS Chamber uses
a metal colum in the shape of a tilted ogive, a very low RCS shape, as
a target support pedestal. The target is typically rested atop a much
smaller colum, which is mounted into the top of the pedestal. These
smaller supports are most often constructed from foamed plastics, such
as styrcofoam or beaded polystyrene. This type of material has very low
reflectivity and allows most of the incident radar energy to pass
through the support without scattering. The RCS of these colums is
typically several orders of magnitude below that of a conducting target.

At an outdoor range, the support structure may need to handle
targets fram several hundred pounds to over fifty tons for a full scale
aircraft. It is still desirable to use material such as foamed plastics
for these heavy targets. However, the structure needed to support a
heavy target must be physically large. As the size of the target
support increases, its RCS also tends to increase. Consequently, a
poorly designed support colum may be insufficient. The scattering fram

the supports must be accounted for before making an RCS measurement.
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Various types of expanded or foamed plastics have been used in the
construction of target support colums. The engineers at RATSCAT now
use particular material known as expanded polystyrene (EPS). EPS is
manufactured from polystyrene particles which are expanded into small
spheres, called beads. The manufacturing process tightly packs the
beads together to form a block of EPS [3]. EPS is relatively easy to
shape by cutting the rtlock with a heated wire.

EPS weighs from one to two pounds per cubic foot. The relative
dielectric constant of the actual polystyrene making up the beads is
2.55. After the beads are expanded, the average dielectric constant of
the material as a whole is less than 1.05, with the actual value
depending on the density [3]. Since the dielectric constant of air is
1.00 the calculated reflection coefficient fram EPS is very low, on the
order of .005 for normal incidence. Most of the radar's energy which
strikes the polystyrene passes through it. Very little energy is
actually scattered back to the radar.

The scattering fram foamed plastics fallé into two categories,
coherent and incoherent. Ccherent scattering cames fram the overall
shape of the targets. Incoherent scattering is due to the nature of the
material, consisting of tightly packed individual scatterers. Since the
total number of individual particles in a target is related to its

volume, incoherent scattering is also referred to as volume scattering.

Foamed Plastics

This thesis concentrates on target supports constructed of the
various types of foamed plastics. Comonly used foamed plastics are
styrofoam, expanded bead polystyrene, beadboard and Eccofoam. Since
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most of this work discusses styrofoam and a particular expanded bead
polystyrene called EPS, a brief description of each is presented.
Styrofoam is a registered trade name of the Dow Chemical Campany
[2]) for a particular blue foamed plastic. It is manufactured by
dissolving polystyrene in a solvent and the resulting gel is subjected
to pressure and heat. When released fram the pressure, bubbles of air
are formed in the gel, which is then molded and dried [3]. Although Dow
produced the first Styrofoam, many campanies now produce very similar
materials. The term styrofoam is now accepted as a generic name for any
of these similar products, and will be used as such in this thesis.
Expanded bead polystyrene is manufactured by expanding pinhole
sized beads of polystyrene through application of heat. After cooling,
the beads are steamed in a pressurized mold to bind them together, and
then dried at roam temperature {3]. The experimental portion of this
project examines targets made of EPS, which is the material used by

RATSCAT.

Problem Statement

The goal of this thesis is twofold. The first goal is to develop
an RCS prediction model for the coherent scattering from two dimensional
beaded polystyrene target supports. The second is to experimentally

investigate improved designs for EPS target supports.

Sequence of Presentation

Section II of this thesis is a review of the literature and a
discussion of coherent and incoherent scattering. Section III develops
the RCS prediction model. This section includes a review of the Uniform

Theory of Diffraction (UTD), followed by an explanation of how the basic
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UTD theory is modified to account for a dielectric target. Then the
equations used to model an EPS target support are derived. Finally, a
camparison of predictions versus measurements is given to assess the
accuracy of the prediction model.

Section IV presents the experimental portion of the thesis. This
section describes the equipment used, same of the experimental
limitations, and a description of the targets measured. A summary of
the results concludes this section.

Finally, Section V offers conclusions and recommendations found in

the process of this thesis.
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II. Scattering From Foamed Plastics

Introduction

This section discusses the two types of scattering associated with
foamed plastics, coherent and incoherent. It starts with a review of

the pertinent literature, then a discussion of each scattering type.

Literature Review

Scattering From Plastic Foams In [2] and [3], Plonus describes a

means to calculate the electramagnetic scattering from styrofoam.
Styrofoam is made of small air pockets surrounded by polystyrene. He
models the cells or particles of the foam as "an aggregate of spherical

shells (ping-pong balls)" [2:20] as shown in figure 2.1.

Figure 2.1. Physical Model of Styrofoam Structure [2]
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Each of the cells scatters the incident energy. Plonus was the
first to note that styrofoam and other polystyrene materials have two
scattering mechanisms:

The total back scatter fram an aggregate of N particles will
in general be camwposed of a coherent and an incoherent
contribution. Coherent scattering results when a systematic
relation between the phases of the scatterers exists, or
when the particle density changes within a distance of a
wavelength. This type of scattering is proportional to N
since amplitudes rather than intensities (power) add.
Incoherent scattering is the usual contribution from an
aggregate of randamly distributed particles which act
independently of each other, implying that no systematic
relation between the phases of the scatterer exists: hence
it is proportional to N. This type of scattering will then
be strictly a consequence of the random arrangements of the
particles. This is due either to the random motion or
fluctuation in time about same average distribution when the
aggregate is illuminated with a steady sigmal, or to the
randam fluctuations about same average when many samples of
a material consisting of a random distribution of particles
are examined. [3:89]

Plonus states that these two averages, the time average and ensemble
average, will usually give identical results in steady-state scattering
problems. He chooses to consider the time average; that is, he assumes
the distribution function of particles per unit length to depend on
position and time {rather than position and ensemble member). This
distribution function is denoted by n(r,t). The time averaged RCS of a

distribution of scatterers described by n(r,t) is given by [4:700] as

o=o,ffn(r, £ n(r’, t) e 3iktr-r grdr! (2.1)
00

where o is the RCS of one scatterer.
Performing the time average and simplifying, Plonus finds the

total RCS to be
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2

¢=0, +0,f:—1(r)dr (2.2)
0

f n(r) e2ikedr
[+]

where 1fi(r) is the time average of the distribution function (which
represents the time average particle density at location r), and k is
the wave number.

The first termm in Eq. (2.2) is the coherent RCS. 1If n(r) varies
slowly relative to the oscillatory exponential term, the result will
average to zero. Thus, coherent scattering arises fram "some
inhomogeneity in the distribution, some deviations from uniformity"
[2:8]. Within styrofoam targets, changes in density of the material are
small, so that fni(r) is nearly constant and the coherent scattering
remains small. The most significant inhomogeneity is the boundary of
the air and the styrofoam, that is, the surface of the target. Here the
density n(r) jumps fram zero to its normal value, making the integral
non-zero. Therefore the largest contribution to coherent scattering for
styrofoam targets is the surface of the target.

The second term in Eq. (2.2), which can be written as No; (where N
is the total number of particles), is the incoherent RCS. 1In general,
this second integral is not reducible to zero. Incoherent scattering
represents the sum of the scattering fraom each of the cells within the
structure. The total number of scatterers is directly related to the
volume of the target, hence the term volume scattering is often used in
place of incoherent scattering.

Recall that coherent scattering is proportional to Nz, while
incoherent scattering is proportional to N. Thus, according to Plonus,

"Coherent scattering will usually be the daminant part of a radar echo
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when a particle system scatters both coherently and incoherently” [2:9].
However, the coherent return can be reduced by shaping the target so
that the scattered energy is directed away from the receiver. The
incoherent is not reducible for a given polystyrene material, thus it
can be thought of as a minimum return fram a target. Plonus derives an
equation for the incoherent scattering fram styrofoam. Assuming the

spherical shells are touching,
01c=%Vk‘t2a(ep—1)2 (m?) (2.3)

where o, is the RCS due to incoherent scattering, t is the thickness of
the cell wall, a is the cell radius, and € is the relative permittivity
of polystyrene (2.55). For a camonly used styrofoam, a=.05 am and

t=.0092a. Replacing these in Eq. (2.3) gives

0,.=6 .225x10'11% (m?) (2.4)

The cell radius greatly affects the RCS, so materials with smaller cells
lead to lower incoherent scattering. However, materials with smaller
cells can support less weight, so a campromise must be made by the

colum designer.

Support Structures

In [5], Knott and Senior reported on the use of polystyrenes for
target support structures. They performed measurements on six types of
foams. To further examine the cocherent versus incoherent scattering,
they measured various shaped blocks (high coherent return) and ogives

(low coherent return). They assumed that by lowering the coherent
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return through shaping, the measurements would show only the incoherent
return.

Starting with a flat metal plate, they found that tilting the
plate at 23 degrees led to the lowest RCS. They shaped blocks of
various polystyrenes so that the surfaces facing and opposite to the

receiver had the 23 degree slope, as seen in figure 2.2. They

Figure 2.2. Shaped Blocks Used by Knott and Senior

measured two blocks at various frequencies between 8.7 and 5.9 Ghz.
Their results are presented in units of 10 log (ca?) and range from -70
to -85 dB referenced to meter!. They say "Certainly the source(s) of
the return cannot be identified with certainty and though it was
originally hoped that the incoherent contributions would be daminant. it
is apparent that this is not true for blocks of the shape used here."
They then measured ogives made of each of the six types of
materials at the same frequencies noted above. Each ogive was about

18.75 inches long and 3.625 inches in diameter. The volume ranged

2.5




between 100 and 107 cubic inches. The RCS data does not show a A
dependence as predicted for incoherent scattering. The 15 measured

values for each ogive were averaged and are presented in Table 2.1.

Table 2.1. Average RCS of the Six Foam Ogives

Material RCS (dBsm)
Tyrilfoam -58.7
Pelaspan -70.2
Styrofoam FB -68.9
Styrofoam DB -69.6
Styrofoam FR -72.3
Thurane -72.4

They conclude that the RCS measured is not the incoherent return, but a
mixture of coherent return and surface wave effects. The data presented
can only be said to be an upper bound on the incoherent scattering.

The above results were cambined with a determination of the weight
bearing capacity of the different foams. A reconmendation was made to
use expanded bead polystyrenes, such as Pelaspan for best overall

performance. The EPS used by RATSCAT is an expanded bead polystyrene.

Designing Foamed Plastic Target Supports

In (6], Senior, Plonus, and Knott describe several factors which
should be considered in designing target support structures. This work
continues that done in [5]. They note that the predicted incoherent

return differs from measured values. They discuss the fact that
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Pelaspan is made from expanded beads of polystyrene, and the equations
using the spherical shell model do not apply. However, they do not
derive the equations associated with spherical particles.

They discuss a progression used to reduce the RCS of a foamed
plastic right circular cylinder. The first step is to tilt the
cylinder, thus reducing reflections, then to slope the entire cylinder,

then add serrations to the outer surface of the sloped cylinder.

Truncated Cones

In [7], Plonus, Knott, and Kuo determined that a support structure
shaped as a truncated cone was superior, in terms of low RCS, than a
right cylindrical colum. The authors '"suggest that it is better to use
a fat tapered colum than a slender cylindrical one'", and that the RCS
is improved by up to 20 dB. Using equations from Plonus [2] to model
the scattering fram the surface, they derive an expression for the
coherent RCS fram a polystyrene truncated cone. Figure 2.3 shows the
results of the predictions versus experimental data for several
truncated comes. In one experiment, the slope was very slight, and the
calculations were within 2 dB of the measured values. They claim that
for the larger slopes, the poor match is most likely due to the noise

floor of the equipment.

Incoherent Scattering

Incoherent Model for EPS As noted in the literature review, a

model for incoherent scattering for styrofoam is o, = 6.225 x 104w
(mz). This equation is often used to estimate the level of the

incoherent scattering. However, this model assumes that the styrofoam
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consists of tightly packed spherical shells whose scattering is
independent of each other [2].
EPS more closely resembles tightly packed spheres. A more

realistic model for EPS can be derived, starting with Eq. (2.2).
oic=oifH(r)dr=oiN (2.2)
0

The scattering from the individual spheres can be represented using a

Rayleigh equation, as found in [2],

€ -1}
€. -2

b4

o,=4na’(ka)* (2.5)

where a is the sphere radius and € 1is the average relative permittivity
of the material.

Assuning the spheres are tightly packed, then

N=(—2"a,—)-5- (2.6)

For one pound per cubic foot density EPS, € = 1.021. The RCS due

to the incoherent scattering is

o, =0,N=.118 Lo v (2.7)
ic oi N F .

The measured bead radius for this density is approximately 2

millimeters. For this value,
0,.=9 44><10'1°—L (2.8)
ic * 14 .

which is about 15 times (12 dB) higher than Plonus's estimates for

styrofoam.
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The inherent problem with both of these models is that they assume
that each particle scatters independently of all others. No equations
have been published that account for the interactions among particles

that must surely exist.

Measured Data Figure 2.4 shows the results of a frequency scan
measurement taken at the AFIT RCS Chamber of a one cubic foot cube, of
one pound density EPS. Fram Eq. (2.8), the incoherent return is
expected to be -54 dBsm at 6 GHz, -45 dBsm at 10 GHz, and -37 dBsm at 15
GHz. The measurement was made with ane corner of the cube facing the
antennas, to decrease the large coherent scattering fram the faces of
the cube. Note that the levels of the return are far below the
predictions.

The measurement of the cube typifies the results found when
looking for incoherent scattering, both as part of this work and the
previous studies. The incoherent scattering is seldom seen at the
levels expected. This will be further noted in the experimental section
as measurements on low coherent scattering shapes are discussed. The
incoherent scattering should determine a minimum retwrn from a
polystyrene target, but this was not noticed in any of the experimental
data.

Coherent Scattering

In [2], Plonus used Physical Optics (PO) to determine the coherent
RCS of styrofoam targets. He scaled the PO scattered field solution for
a perfectly conducting target by the normal incidence reflection
coefficient of the styrofoam to obtain the scattered field of the

styrofoam target.
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An important additional consideration when calculating the
coherent scattering is that radar energy penetrates the target. As an

example, consider the EPS cube as shown in figure 2.5.

v
\/
¥
/
v

A

A

Figure 2.5. Reflections Fram the Front and Rear of a Cube

The radar receives a return not only from the front face of the
cube, but also one that is nearly as strong fram the rear face. A
tvpical reflection coefficient for EPS is about .005, so that each
reflection contains .005 times the amplitude of the incident field. 1In
Figure 2.5, the ray that exits the rear of the cube contains about 99%
of the incident field strength. This factor is why polystyrene supports
are so often used; very little energy is scattered from the support.

Figure 2.6 shows another measurement made of the EPS cube. This
measurement is a time-damain plot of the cube, viewed at normal
incidence to a face. Note the large reflections that occur fram the
front and rear faces, and the absence of any return (incoherent) between

the faces.
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Figure 2.6. Time Domain Plot of EPS Cube, Normal Incidence

Coherent Return Reduction The fact that the front and rear
returns fram the cube are equal suggests a way to reduce the coherent
return. A frequency can be chosen so that the two reflections add
destructively, that is, the two reflected signals are 180 degrees out of
phase and cancel each other. This method has been proven, however the
cancellation works well only when the frequency is tightly controlled.

A simpler approach to lowering the coherent return is by shaping.
Polystyrene target shaping uses the same principles as any other low

observable target. An obvious technique is to eliminate or redirect
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reflections fram large flat surfaces, such as the face of the cube, as
suggested by Knott and Senior [5]. By sloping the front and rear faces
of their blocks (Figure 2.2) they drastically reduced the RCS.

Another possible shaping technique is the rounding of corners and
edges. The success of this method depends on the observation angle.
This subject will be discussed further in Section 1V.

Finally, the coherent RCS can be reduced by proper choice of the
material used. The relative permittivity of a material determines its
reflection coefficient. Two pound density EPS has smaller beads than
one pound density, meaning that each bead contains a higher
concentration of polystyrene. This in turn means that the permittivity
is higher and so the reflection coefficient is higher. Therefore, a
cube made of two pound EPS has a larger RCS that a same-size cube of one

pound EPS.
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III. Diffraction Analysis of Coherent Scattering

Introduction

This section develops an RCS prediction for a two dimensional
foamed plastic colum. Three main topics will be discussed. The first
is a review of the theory used in the development of the RCS prediction
model. The second topic is the actual development of the model, and the
third is a sumary of results. The review covers the Uniform Theory of
Diffraction (UTD) for conductors and dielectrics, and Fresnel reflection
and transmission coefficients. The model development details the ray
mechanisms considered for a specific colum. Finally, predicted RCS is

campared to measurements of actual targets.

Uniform Theory of Diffraction

One of the simpler methods for examining the scattered field from
the edge of a conducting strip is Geametrical Optics (GO). At typical
radar frequencies, GO fails because it does not account for diffraction
fram the edge. Figure 3.1 shows the Geametrical Optics (GO) fields.
The source is assumed to be in the far-field so that all incoming rays
are parallel. The set of rays a.ésociated with the incident field and
the set of rays associated with the field reflected fram the strip are
the GO fields. As shown, the edge creates two boundaries, the
reflection shadow boundary (RSB) and the incident shadow boundary (ISB).
These shadow boundaries mark a physical discontinuity in the field
strength of the GO fields. Thus, GO predicts discontinuous fields at
the shadow boundaries and also a camplete shadow (zero fields) below the
conductor.
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Incident Field Rays)

Figure 3.1. GO Fields Near the Edge of a Semi-Infinite Half Plane

To amend these shortcomings, Keller devised a theory, called the
Geametrical Theory of Diffraction (GTD) [8], to predict the diffractions

from the edge of a conducting half-plane, as shown is Figure 3.2.

incident Field Rays)

\\\Jz

>
1

Diffracted Field Rays)

Figure 3.2. Diffractions from the Edge of a Semi-Infinite Half Plane
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The total field at an arbitrary observer location is the sum of the GO
and GTD fields. GTD was an improvement over GO, however, GTD
predictions fail when the observer is near a GO shadow boundary (the
solution becames unbounded).

In [9], Kouyoumjian and Pathak developed a rigorous high frequency
solution for edge diffraction, known as the Uniform Theory of
Diffraction (UTD). Their diffracted field term yields a total field
that is continuous at the shadow boundaries and non-zero below the

condu—tor.

Figure 3.3. UTD Variable Definitions

Figure 3.3 displays same of the variables needed to define the
diffracted field of the UTD. The edge is assuned to be part of a two
dimensional semi-infinite half plane. The observer is located at polar
coordinates (¢.,p) while the source is located at (§',p'). For the
special case of backscatter, the source and observer are in the same

location.
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According to the UTD, the diffracted field from the edge of a

conducting half plane is [9:1456]
Ud:ui(os)pglh_e&(‘/—_ie)_ (3.1)
)

where U represents an electric (magnetic) field for the case of an
electric (magnetic) line source. Ui(q) is the incident field at the
edge, k is the free space wavenumber, and Ds,h is the diffraction
coefficient. The subscripts s and h on the diffraction coefficient
correspond to the cases of the electric and magnetic line sources,
respectively (these are the soft or hard boundary conditions) [10:9].
The diffraction coefficient is given in [9] as
~exp (-7 %)
Dy, = 4
' 2/2%K

| FlkLa($-¢)) . F(kLa(d+¢/))
COS(-L;;’:) COS(QZJ;’)

(3.2)

where the (-) term is associated with soft polarization and the (+) term

is used for hard polarization. In the diffraction coefficient,

L--ELI, (3.3)
p+p

a(x) =2cos=(-’2-‘) (3.4)

F(x) =23jy/Xexp (jx) fexp(-jr:‘)dt (3.5)
v
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The transition function F(x) is a fresnel integral which approaches zero
at the shadow boundaries, thus keeping the diffraction coefficient
finite at these angles.

The uniform theory of diffraction is used to obtain the scattered
field fram a conducting edge. The actual surface of the conductor need
not actually be a semi-infinite plane, as long as the frequency of the
incident field is large enough that the surface is electrically large.
As an example, UTD is often used to calculate the scattered field from a
flat plate. In this case, the total diffracted field is the complex sum
of the two edge diffractions.

Note that in Eq. (3.2), the diffraction coefficient is the sum of
two camponents. The first term, the function of (§¢'), is related to
the incident shadow boundary. The second term, the function of (p+'),
is related to the reflection shadow boundary. To ease the notation, the

diffraction coefficient will be abbreviated as

D, »=D;%D; (3.6)
where
coxo (1%
"o IL) pkra(d-¢)
D= . (3.7)
cos{ £:¥
and

-exp (-7 X) /
D= 4  F(kLa(p+¢")) (3.8)

R YY)
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UTD for Curved Surface Edges UTD can also be used to calculate
the diffracted field from the edge of a conducting curved surface. The
reflected rays are no longer parallel as in the case of a flat surface.

However, the shadow boundaries are still formed as seen in Figure 3.4.

NY

Figure 3.4. GO Fields Near a Curved (Cancave and Convex) Surface Edge




The equation for the diffraction coefficient from a curved surface
is nearly identical to Eq. (3.6), the difference being that the distance

parameter L in I must be replaced by LR, which is given by

Lr. _PPC (3.9)
P+Pe

where p, is the reflected field caustic distance. Note that p f is
negative for reflection from a concave surface and positive for a convex
surface (as in Figure 3.4) [9:1457]. For far field calculations p - @,
therefore L} - p.. For a surface with a constant radius of curvature,
the caustic distance is simply one-half the radius of curvature of the
edge. For example, if the radius of curvature is a constant 'a', then

= p, = ta/2.

Reflection from a Curved Surface Other mechanisms that must be

considered are the reflections themselves that arise from curved
surfaces. Reflections fram both concave and convex surfaces were shown
in Figure 3.4.

If the source is located in the far zone, the reflected field at a

distance p from the point can be represented by [9:1450]

Pe
PP,

(3.10)

Us y=3 U (Q,) exp (153 -7kp)

where Ui(C*) is the incident field at the point of reflection (QR)' and s

is the number of caustics the rays pass through.

UTD for a Dielectric Strip

If the half-plane under consideration is made of a dielectric

rather than a conductor, the UTD equations can be heuristically
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modified. Each of the two terms in the diffraction coefficient must now
be scaled by the amount of the discontinuity present along each shadow
boundary. This method was first used by Burnside and Burgener [11] for
a dielectric half-piane. As seen in Figure 3.5, the amount of the
discontinuity along the reflection shadow boundary is I', the total

reflection coefficient of the air-dielectric interface.

Incident Fieid Raye) r

Figure 3.5. GO Fields from a Dielectric Half-Plane

The discontinuity along the incident shadow boundary is (1-1), where 1
is the total transmission coefficient of the interface (assuming the
field strength of Ul is 1). With this approach, the diffraction

coefficient for a dielectric material is

D, p=(1-t) D;+I'D, (3.11)

Note that the case of a conducting strip is actually a special case of
the above formula, where I' equals either * 1, depending on the

polarization, and t equals O.
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Reflection fram Dielectric Curved Surfaces The field reflected
from a dielectric curved surface is the same as in Eq. (3.10) with the
exception that the right side of the equation is scaled by the

appropriate reflectiun coefficient I.

Fresnel Reflection and Tranamission Coefficients

When a plane wave strikes a dielectric/dielectric interface, a
certain amount of the field is transmitted into the media while another
portion is reflected away. Electramagnetic boundary conditions must be
satisfied to determine the reflection and transmission coefficients for
each polarization.

Figure 3.6 shows the two polarizations as described by Weeks
[12:234-235], where the s and h subscripts in the following equations

refer to soft and hard polarizations, respectively.

Soft Polanzation

Figure 3.7. Reflection and Transmission fram a Dielectric Interface
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The coefficients for soft polarization are
€ .
— cosf;-,| == -sin0,

r,=lE1. i N (3.12)

€
cos@,+,| -2 -3in?0,

\E

= (3.13)
8 'Eil [ ]
which assumes that neither material is magnetic (the relative
permeability of both materials equals one).
For the case of hard polarization
€; € _. 2
- —= cosb;-.| == -8in?%0,
r
rh-_{.’érl.= < N e (3.14)
H
€ €
=2 cosf,+,| 2-8in%,
€ \N&
7t
e dlaaer, (3.15)
|77

Radar Cross Section

The term radar cross section is an indicator of the amount of
backscattered energy from a target relative to the incident energy. It
is defined as [13:578]

U'c.t 3

(3.16)

o=1lim, , 4%xR?

U ine

where the units of ¢ are in square meters.
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As mentioned, UTD is a means of determining the diffracted field
from a two-dimensional surface. For two dimensional targets, the
backscatter is characterized by its echo length, symbolized as Oy

defined Lty

U'Clt 2

Uinc

0,p=lim,_,2%p (3.17)

with the units of meters. An approximate formula to convert the echo
length of a 2-D object to the RCS of a 3-D object (uniform length L in

the third dimension) is given by

2
omo,, 2L (3.18)

A

where A is the illuminating wavelength. Most of the following work

expresses RCS in dBsm. This is camputed as

O pem =10 log 0 (m?) (3.19)

Often the dBsm subscript will not be used, but in either case the units

will be clearly presented.

RCS of Partial Cylinder

UTD is generally considered as a technique for conducting targets.
Until now, most predictions for foamed plastic target supports used
either a modified form of Physical Optics or surface integrals to
determine the scattered field. This section uses the UTD theory to

calculate the RCS of a two dimensiaonal target support colum.
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The selected colum is shown in Figure 3.7. This shape was chosen
because it contains all of the mechanisms described previously, the
diffraction fram a straight and a curved edge and also convex and

concave reflections.

Top View of Target

Figure 3.7. Target Support Colum used for Prediction Model

The target is canstructed from one pound per cubic foot expanded
bead polystyrene (EPS), relative permittivity of 1.021. Several
variables are needed to describe the physical dimensions of the selected
target, which will be referred to as a partial cylinder. These are left
as variables so that this prediction model will work for all targets of
this shape, regardless of the actual size.

Figure 3.8 shows the pertinent variables. The origin is the
cross, which is the center of curvature of the curved surface. The
angle 8 and the distance R locates the source and receiver. Theta
varies fram 0 to 180 degrees since the RCS is symmetric fram 180 to 360
degrees. Distance d is the length of the flat surface, while a is the

radius of the curved surface. For this model 4 < 2a; that is the
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d
Figure 3.8. Physical Dimensions of the Target

cylinder is a half cylinder or less.

corner 1 is pl, and from source to corner 2 is p2.

The distance from the source to

Initial Definitions This section defines the variables fram

Figure 3.8.

variables are defined in terms of 8, R, a and d

y=8in? 2_a-d)

=5 _
1-21!

pl=R-acos(¥-0)

p2=R-asin(y-0)

p=R-a if 0<%
p=R+a if 0)%

3.13

It assumes that the quantities a and d are given.

The

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)




where p is the distance along the path of R to the curved face of the

colum, where a reflection takes place.

Regions of Interest The plot of the cylinder RCS versus 6 is
symmetric about 8 = 180°, therefore only this area is studied. For any
given incidence angle, there are seven possible scattering mechanisms
that will be considered. The equations for these mechanisms change with
8. For example, when 8 < y there is a ray which reflects fram the
convex surface back to the receiver. This reflection term does not

exist for 6 > 6.

Figure 3.9. Regions Surrounding the Partial Cylinder

Figure 3.9 and Table 3.1 define the boundaries of the regions of
interest. At the boundaries of these regions, the scattering mechanisms

change, and the total scattering must be reevaluated.
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Table 3.1. Regions of Interest

Region 1 0=<8 =y
Region 2 y<8=sy
Region 3 ¥ <8 = n/2
Region 4 n/2 < 8 = ”/24y
Region 5 /24y < 0 = ny
Region 6 "y <8 sx

Since a and d are the physical parameters of the cylinder, changing them
changes the relative size of the regions. For example, if d = 2a, then
the colum is a half cylinder, and regions 3 and 4 do not exist. The

RCS model must account for the variability of the regions.

Scattering Mechanisms Overview The total scattered field is the
camplex sum of the seven individual scattering mechanisms. Both corner
1 and corner 2 each have three diffracted fields, since two reflection
shadow boundaries (RSBs) and one incident shadow boundary (1SB) are
produced at either corner for any angle of incidence (as shown in Figure
3.10 for comer 1). The ¢ and f subscripts indicates if the RSB was
caused by a curved or flat surface. The additional mechanism results
from a direct reflection fram either the convex surface when in regions
1 and 2, or from the concave surface when in regions 5 and 6.

In region 1, the incident rays reach cormer 2 through free space.
In region 2, incident rays must penetrate the target to reach cormer 2,
hence the distinction in the regions. This same distinction is needed
for regions 5 and 6 because of rays near corner 1.

The diffraction coefficient presented in Eq. (3.11) must be

further modified to describe z penetrable two dimensional target. As an
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cteta-

Figure 3.10. Shadow Boundaries Formed by Cormer 1

example, the diffraction coefficient of RSB; in Figure 3.11 must be
scaled by the discontinuity on either side of the boundary. To the left
of the boundary, there are no reflected rays, so the field is zero. To
the right of the boundary, each ray has been transmitted through the
convex surface, then reflected fram the flat surface, and transmitted
through the concave surface. The total diffracted field associated with

this RSB is

vd=Ui(0Q,) exp—-‘/LIpiILl (%y Fs.5%0. 0] Da (3.25)

The term in the square brackets of Eq. (3.25) will be called the
scaling factor, and as noted by the subscripts, each coefficient depends
on the polarization. Reflection and transmission coefficients for
dielectric interfaces are normally expressed in terms of their angle of
incidence. The Fresnel reflection and transmission coefficients are
subject to canditions on the incidence angle known as critical angle and

Brewster angle. At these extremes, the reflection coefficent equals one
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or zero, respectively [12:235]. Allowing either case produced large
errors in the scaling factors, and so in the RCS prediction. For
example, if the reflection coefficient were allowed to equal one (I = 1)
the reflected field would equal that of a conductor. Because of these
artifacts from the Fresnel coefficients, the scaling factors were based
on the reflection and transmission coefficients for normal incidence.
Measurements have confirmed that this model predicts the
scattering better than using the angle dependent coefficients.
Therefore, the terms Toh and Iy} will be used in the rest of this thesis
to represent the reflection and transmission coefficient for normal
incidence. The subscripts will be maintained, as the polarization

partially determines the sign of the coefficient.

Incident Field Expressions used for the scattered field have all

used terms such as UWC&) to mean the incident field at the reflection
or diffraction point. This term was used for simplicity, but the

definitions are presented here. For corner 1, the incident field is

Ui(c1) = e‘;‘gl (3.26)
For corner 2,

Ut(c2) = eg’ (3.27)
and to the reflection point

ui(p) = e\’/’p_"’ (3.28)

where the distances p), p;, and p are defined in Egs. (3.22) through
(3.24), relative to R. The amplitude and phase reference is the source,
so the source field is assumed to be 1/0° (magnitude of one, phase angle

zero). Note that in Eq. (3.2) a term similar to these is given for the
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diffraction coefficient. This accounts for the propagation fram the
scattering point back to the receiver. The exponential term describes
the phase change over the distance, and the square root term describes

how the field attenuates with distance.

Scattered Field by Region

Region 1 In this region, the incident rays reach both corner 1
and 2 without penetrating the cylinder. The total scattered field is
the sum of 7 mechanisms, three from each corner and a reflection fram
the convex surface. The shadow boundaries and reflection point are

shown in Figure 3.12.

Figure 3.12. Example of Shadow Boundaries for Corner 1

The scattered field at the receiver can be written as
U'C‘C-Uld'“'ﬁ U;d'“*' [ret

(3.29)
-le.bt+Ult.bc+U11’b+U2r.bf+Uzrabc+UziSb"'Uref
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where

-2Jkp1
Ultabt'_ e 51

[“s.nr‘ls,h ffs,n] DR(—%*-O, p1)

-27kpl
Ulrabf =.C
pl

[Ta,5]D (847, 2)

-23kp1
uioba 8

b1 [1 "‘a,b‘:’s,a] Dr<% +0,p1)

-27kp2
U,r.bf - @

p2 [“;,nr/c,b ‘L.h]DR(%"el p2)

-29kp2
Uzrabc - £ [P
p2

t.h]DR(Y—e' g)

isb @ 27kp2 / L3
Uz‘l -T[l-‘t.'ht,'h]DI(—z——o, P2)

-3Jk(R-a)
e
Ur.£=

which can be further simplified for far field (R large) as

-2Jk(R-a) l
Ur.t: e R % P.oh

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

In these equations, the prime (') notation on the reflection and

transmission coefficients indicates that the rays move from the EPS into

the air, the unprimed indicates that the rays goes from air to EPS.

same equations, ! has been replaced by a/2.

In

Because of the large number of mechanisms used, predictions were

made on each to determine its relative magnitude throughout the entire

180 degrees. It was found that the terms associated with the incident
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shadow boundaries were negligible campared to the other terms. The
reason is that the discontinuity here is not as abrupt as that of the
RSB, and so the scattering is weaker. Measurements confirmed this fact,
as will be discussed in Section IV. In the other regions, the

diffracted term associated with the ISB has been dropped.

Region 2 The scattering terms in this region are very similar to

region 1. The differences can be seen in Figure 3.12.

ss T RSB,

Figure 3.12 Shadow Boundaries for Region 2

All of the terms associated with corner 1 and the reflection term
remain the same. The incident rays near corner 2 now reflect from the
concave side of the curved face, moving the RSB to the opposite side of
the ISB. The RSB term (U™) is modified by changing the scale factor
and the distance term, thus

abc @ 37ke2

o p2 [*2.2Te,n%s,5] Dp(0-¥, 'Ta) (3.38)

3.20




Note that the scale factor for the ISB of corner 2 equals zero in
this region. The rays on both sides of the ISB penetrate the target,

and no discontinuity exists.

Region 3 The diffraction terms do not change fram region 2 to
region 3. However, the direct reflection stops when 6 > ¢. The
diffraction temm Ulmf is strong enough to smooth out the loss of this
term, however it decreases rapidly. Without the reflection term, the

backscattered field in this region is small.

Region 4 This region begins when 8 > 90 degrees. Incident rays
now strike the curved face of corner 1 and the bottam of the cylinder,
as shown in Figure 3.14. There are no normal curved surfaces, so there
are no direct reflection terms. 1In region 4, the total backscattered
field is

[ acat  [LF#BL, [pIobC, pIabE , pyrabe (3.39)

The angle ¢ used in the diffraction coefficient is now measured

from the bottan face of the flat surface as shown in Figure 3.13. This

change is for convenience only.

The individual diffracted fields are expressed as

sf _ @ -37k1 3n
U - 51 [Ts,5]Pr(5--0.p1) (3.40)
rebc_ ©~3I%01 a
Uy 'T[F"b]p"”’e'i) (3.41)
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Figure 3.13. Shadow Boundaries for Region 4

rabf _ e -27kp2 - ,
v p2 {P,,h]DR(O-?, p2) (3.42)

abe e'ijpz / -a
Uzt - 92 [‘t,,brds,h“,,h]DR(a-y, _2._) (3_43)

When the incident fieid enters region 5, a direct reflection will
occur from the concave inner surface. This is a strong mechanism, so

Uz"bc increases near the region boundary to smooth out the total field.

Region 5 The diffracted fields in this region are identical to
those of region 4. However, the term for the concave reflection must be

added to the total field expressed in Eq. (3.39), so that

7 %cat Ulrnbt + Ulr'bc + ng'bt + Ulr.lbc +rrer (3.44)

2 .2jk(Rea)
Urot'_ea JxiRee ar (3.45)
TNzl

The reflection term is
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where the far field approximation has been used as in Eq. (3.37). The
x/2 phase shift is used since the reflected rays pass through a caustic.

This can be seen in Figure 3.14 (region 6).

Region 6 The scattered field of Eq. (3.44) also applies in this
region. However, the term lesbc must be modified. As shown in Figure
3.14, the incident rays reflect fram the inside of the curved face of

corner 1.

“coumtic
ASB,

Figure 3.14. Curved Face RSB and Reflection in Region 6

The scaling factor, the distance parameter, and ¢ are affected, and

-27kp1 -
Ut . = [an .,nfg,n]Dg( T _9+v, Ta) (3.46)

Radar Cross Section of the Target The total scattered field in
any region can be converted to an RCS value using Egqs. (3.17) through

(3.19). The RCS is a function of the incidence angle 6, and the pattern
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is symmetric about 6= 180 degrees. In the calculations, the distance R
= 10,0001 ; to ensure the far zone behavior.

Two colums were canstructed so that the prediction could be
camnpared to measured data. One was a partial cylinder and the other a
half cylinder. Both colums were 10 inches in height, and the radius of
curvature 'a' was 5 inches. For the partial cylinder, the distance
across the flat side 'd' was 8.625 inches, and for the half cylinder,
d=10 inches.

The RCS was camputed with a Fortran program which used all the
parameters and equations given in this section (the prediction code is
listed in Appendix A). Figures 3.15 through 3.18 show the camparisans
of measured versus predicted RCS for both horizontal and vertical
polarization, at a frequency of 10 GHz.

The predicted data matches the measured data very closely for the
partial cylinder. For the half cylinder, the predicted values are about

2 dB higher than the measured, but still a very good match.
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IV. Experimental Study of Colum Design

Introduction

This chapter describes the experimental portion of this thesis.
The goal was to study low RCS colum shapes for 360 degree azimuth scans
and from nose-on to *45 degree azimuth scans. A brief overview of the
measurement equipment is presented, followed by the steps taken in the

experimental study.

Measurement Set-Up

All experimental data was collected at the AFIT RCS Measurement
Chamber. This laboratory uses the hardware shown.in Figure 4.1. The
measurement process is controlled by the 80386 camputer and data

processing is performed with the aid of the VAX.

Limitations The RCS Chamber is a far field system, meaning that
the amplitude and phase of the signal are kept relatively constant
throughout the quiet zone. Assuming that deviations of 1 dB in
downrange amplitude and n/8 in crossrange phase shift are acceptable
implies that targets on the order of one foot or less can measured.
Larger targets can be measured, but accuracy is reduced.

Colums made of EPS have much lower RCS than typical metal
targets. The noise floor of the measurement system is the limiting
factor in the minimum measurable RCS. Measurements of the noise floor
taken at various times are included in Appendix B. During the
discussions of the colum measurements, the effect of the noise floor on

the measurements will be addressed.
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Capabilities The RCS range can be used in one of two modes,
azimuth scan and frequency scan. Azimuth scans measure the RCS of the
target (at fixed frequency) versus azimuth angle fram O to 360 degrees.
This measurement is for one polarization and one frequency.

Frequency scans are made with the target at a fixed azimuth angle,
which is selectable. The transmitter steps the frequency over a
selected range at selected intervals. For this experiment, all
frequency scans were from 6 - 18 GHz at .01 GHz intervals.

Frequency data can also be transformed (in software) to the time
domain. This results in an impulse response of the target, which can be
plotted as relative amplitude versus time. This type of plot is useful
to identify specific scattering centers on a target. Once in the time
domain, the operator can apply time gates to remove signals not due to
the target, such as the return fram the walls of the chamber, or fram
undesired features of the target. This and other software capabilities
are known as post-processing. After gating, the data can be transformed
back to the frequency damain. Because gating eliminates noise signals,
the noise floor is seen to be reduced when transforming back to the
frequency damain. All data presented in the form of frequency scans has

been gated in the time damain.

Low RCS Support Colums

The most important consideration when designing support colums is
the RCS of the support. It must be much lower than the target, so that
the return from the colum does not interfere with the target return.
Ideally the target support would have negligible backscatter for all

azimuth angles at all frequencies. Shapes such as an ogive can provide
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minimal backscatter for most frequencies, but only over a limited sector
of angles. Cylinders can be selected so that the return is zero for a
particular frequency, however the bandwidth is exceptionally narrow. A
carpramise must be made between frequency and angle.

Two types of colums will be examined. Both assume that the
frequency is arbitrary, so that single frequency cancellation is not a
factor. The first type of colum is used when the target's RCS must be
measured for a full 360 degrees. The second type of colum is used when
the RCS will be measured for a limited sector of angles. For example,
this type of measurement is used to determine the RCS of an aircraft

around the nose, where the RCS is critical to survivability.

Full Azimuth Scans

The most cammon way to design support colums for full azimuth
scans is to make them circularly symmetric. In [6] and [7], the RCS of
a right circular cylinder was reduced by sloping the sides. For this
experiment, the AFIT Fabrication Shop constructed four sloped
cylindrical colums. The cross section of each is shown in Figure 4.2.
Each was eight inches in height, and made from one pound per cubic foot
density EPS.

The first colum, labeled 'A', was a right circular cylinder
(RcC), four inches in diameter. This is not a low RCS shape, but was
used as a reference for the other colums. Each of the next three
colums maintained the four inch diameter at the top to simulate colums
with the same minimum weight bearing capacity. The second colum,
labeled 'B', had 10 degree sloped sides. Colum 'C’' had 20 degree

sloped sides, while colum 'D' had 30 degrees of slope.
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10 deg 20 deg 30 deg

Figure 4.2. Cylindrical Colums

The purpose of this experiment was to determine what type of slope
leads to lowest overall RCS across the frequency band of interest.
Since the targets were symmetric, azimuth scans should have produced a
flat line. Figure 4.3 shows the azimuth scan of the right circular
cylinder with vertical polarization at 7 GHz. The plot is fairly flat
as expected. Figure 4.4 contains the inpulse and frequency response of
this cylinder. A top view of the target is superimposed over the time
domain plot. The time = 0 nanoseconds on the plot corresponds to the
center of the range quiet zone. Since the time damain considers round
trip time, 1 nanosecond can be scaled to approximately 6 inches.

Note that in the impulse response, the main scattering is due to
reflections fram the front and back surfaces. This can also be observed
in the frequency domain plot. Here the overall shape is that of the sum
of two scattering mechanisms adding in or out of phase due to frequency.
Sloping the sides of the RCC should make the incident field reflect at

an angle away fram the receiver.
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Figure 4.5 shows the azimuth scan plot for the 10 degree sloped
cylinder. The plot is no longer smooth as in Figure 4.3. The RCS has
reached a small enough level so that the noise floor interferes with the
measurement. This same problem is apparent with the other two sloped

colums (see plots in Appendix C).
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Figure 4.5. Azimuth Scan of 10 Degree Sloped Cylinder,
Vertical Polarization, F = 7 GHz

A noise floor measurement made on the same day as the azimuth
scans is shown in Figure 4.6. Noise floor measurements varied daily.
Since the level of the plots is at the same level of the noise, the true

retwrn is masked.
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Figure 4.6. Noise Floor Measurement

Frequency scans of the colums provide useful information. Time
damain and frequency response data is presented in Figure 4.7, Figure
4.8, and Figure 4.9 for the 10 degree, 20 degree, and 30 degree slopes,
respectively. Similar plots for horizontal polarization are displayed
in Appendix C.

The difference between the sloped colum and the RCC is dramatic.
The RCC peaks between -50 and -45 dBsm. For the 10 degree slope, the
RCS is reduced to at least -67 dBsm across the entire frequency band.
The impulse response shows that there is no daminant scattering
mechanism. There are contributions fram the bottam and top bases.
Diffractions are expected here because of the abrupt change in the

surface.

4.9




i18.

‘Ob- "0S- "09- °04- °08- °‘06- 00T~

‘0b- "0S- '09- "0Z- °"08- °06- ‘001-

WSE0 NI 3F0NLINOVW

FREQUENCY IN GHZ

1000°0 0000°0 0000°0 0000°0- 1000°0-

JSNOJSFY 3ISTINdWI

N
{000°0  0000°0 00000 0000°0- 1000°d-

TIME IN NANOSECS

4.10

Frequency/Impulse Response of the 10 Degree Sloped

Cylinder, Vertical Polarization

Figure 4.7.




The difference between the 20 degree colum (Figure 4.8) and the
10 degree colum is not as apparent. At the lower frequencies, up to 10
GHz, the 20 degree cylinder is about 5 dB lower than the 10 degree
cylinder. At the higher frequencies, the two perform nearly the same.
The same trend is seen for the horizontal polarization.

The 30 degree cylinder (Figure 4.9) measured either the same as or
slightly higher than the 20 degree cylinder. No advantage is realized
by going to this high of a slope angle. The same holds true for
horizontal polarization.

In the sloped cylinder measurements, it must be realized that the
levels are low enough that they are approaching the frequency scan noise
floor. While the following figures clearly show the relative RCS of the

different cylinders, the smaller measured values may not be absolute.
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Front Sector Azimuth Scans

When only a particular sector of a target must be measured, the
support designer has more leeway in reducing the colum RCS. Shapes
which have a low RCS in a particular direction can be incorporated into
the support colum. RATSCAT had suggested using a wedge-ogive-wedge
design for front sector scans [15]. This shape became one of three

experimental colums. The top view of each is shown . Figure 4.10.

Diamond

Wedge—-Ogive O

Ogive

Figure 4.10. Top View of the Three Shaped Colums
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To maintain consistency with the prior experiment, each colum was
made of one pouﬂd per cubic foot density EPS. Each was 8 inches in
height, as were the sloped cylinders. The size of each was such that a
4 inch diameter circle could be inscribed into the top of each, to
simulate the same minimmm weight bearing capacity of the sloped
cylinders. The angle of the wedge in each shape is about 21 degrees.
This angle controls the location of the reflection from the sides.
Sloping was not introduced at this stage, so that the differences caused

by shaping alone could be isolated.

Limitation The goal of this thesis was to design colums that
produce low radar cross sections. Ultimately, this same subject caused
problems with the measurements. These shaped colums, as well as the
sloped cylinders, have such low cross sections that the room and the
supports used in the AFIT Chamber return more energy than the colums.

These effects can not currently be negated for azimuth scans.

Azimuth Data The experiment began with an azimuth scan of each of
the three colums. Each of the targets was measured at 10 GHz, with
both horizontal and vertical polarization. Plots of vertical
polarization are located in Appendix D. Plots of the azimuth scan of
the Wedge-Ogive taken on separate days are shown in Figure 4.11. In the
areas where the RCS is large, near broadside, the plots agree very well.
This is not the case for the angles of interest.

The region of interest for these shapes is +/- 45 degrees off the
tip. This sector is best seen on the plots between 135 and 225 degrees.
In Figure 4.11, the Wedge-Ogive has a fairly constant RCS level of about

-50 dBsm in this front sector in the top figure. However, the bottam
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plot was made on a day where the noise floor was much lower. The
problem is that neither plot can be considered accurate. In this low
RCS front sector, the levels could still be lower than those shown in
the bottam plot.

A similar set of data for the Ogive is shown in Figure 4.12.

Again the higher levels match very well, but near the lower end there is
no agreement between the two plots, although these are more similar than
the two plots of Figure 4.11.

For campleteness, an azimuth scan of the Diamond is presented in
Figure 4.13. This plot was made on the same day as the top plot of
Figures 4.11 and 4.12. Although the noise floor caused problems, some
useful information came be gathered fram these plots.

The peaks of each plot occurs near about 69 degrees off the tip,
since 21 degrees was chosen for the wedge angle. This implies that the
peaks could be moved closer to 90 degrees to widen the front sector if
necessary. The Wedge~-Ogive and the Ogive also peak at broadside,
because of the curved face. The Diamond only peaks at the reflections
fram the flat faces.

The important information is that each of these shapes provide
very low RCS in the area of interest. Each shape was measured below -55
dBsm in the front sector, although how much lower cannot be assessed

from the azimuth scans.
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Frequency Data Azimuth scans are useful in visualizi j the shape
of the plot. However, the AFIT Chamber has the capability to post-
process data taken with frequency scans. As mentioned, frequency data
is transformed to the time damain. A time gate is used to eliminate
returns that are not associated with the target, such as diffractions
from the absorber on the rear wall. The "clean" data is then
transformed back to the frequency damain.

Frequency scans of the shaped colums were made for tip-on and 45
degrees off the tip. These angles show the areas in the front sector
where the camparative minimum and maximum RCS occurs.

Figure 4.14 shows the frequency/impulse response for the Wedge-
Ogive, where one of the tips is facing the radar. A scaled outline of




the colum is overlaid on the impulse respanse. This shows that the two
largest contributors to the scattering are the front and back tips.

This same fact can be seen in Figure 4.15, where the colum has been
rotated by 45 degrees.

In the tip-on plot, the RCS as shown in the frequency plot is
extremely low across the entire band. Note that at 10 GHz, the
frequency of the azimuth scans, the RCS is about -73 dBsm. The azimuth
scan did not measure this low level, confirming the fact that the noise
affected the azimuth measurement. The plots for the Ogive and Diamond
at the two angles are presented in Figures 4.16 through 4.19. A
carparison of the data shows that over most of the frequency band, the
Wedge-Ogive maintains the lowest overall RCS. The Wedge-Ogive stays
klaelow -65 d2am at all frequencies for both angles. The Diamond is at or

below -60 dBsm, and the Ogive is generally around -58 dBsm.
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45° off Tip, Horizontal Polarization
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Sloped Cylinders The low front sector RCS of these shapes is
impressive, but they should be compared against the frequency scans of
the sloped cylinders. The measurement of the 20 degree sloped cylinder
is shown again in Figure 4.20. When campared against the special

shapes, the cylinder proves to be lower than the tip-on RCS for all

three shapes.
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Figure 4.20. Frequency Response of the 20 Degree Sloped Cylinder,
Horizontal Polarization

Considering the effectiveness of sloping the cylinders, the next
item of study was the effect of sloping on the special shapes. The
Diamond was chosen, and a new colum was constructed with 10 degrees of
slope. The top of the diamond was kept the same size as the original.

Again the first measurement was an azimuth scan, and as with

previous measurements, the noise floor hid the actual RCS in the front
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sector. The plot is shown in Figure 4.21. The frequency was 10 GHz,
and the polarization was vertical. The RCS in the angles near broadside
has been greatly reduced over the Diamond.

A frequency response plot is given in Figure 4.22 for the case
where the tip is pointing toward the radar. The plot shows that the RCS
as a function of angle for the Sloped Diamond is no better than that of
the Diamond, and is certainly higher than the sloped cylinder. Time
damain plots measured at different incident angles are displayed in
Appendix E. The time damain plots show that the return fram the sloped
vertical edges of the Sloped Diamond are nearly the same strength as
those from the vertical edges of the Diamond, therefore the same RCS

(away from the reflection fram the faces of the Diamond).
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Incoherent Scattering

According to [5], the incoherent RCS fram a 110 cubic inch
(approximately) Pelaspan ogive was -70.2 dBsm. This implies that the
incoherent RCS is about -58.2 dBsm per cubic foot. Eq. (2.4), from
[2], predicts the incoherent RCS at about -57 dBsm per cubic foot of
styrofoam at 10 GHz. Eq. (2.8), which modifies Eq. (2.4) for EPS
predicts the incoherent RCS at about -45 dBsm per cubic foot at 10 GHz.

The special shapes, the Diamond, Ogive and Wedge-Ogive are all
approximately 300 cubic inches, or .174 cubic feet. Scaling the above
predictions indicates that the incoherent RCS should be at either -65.8
dBsm, -64.6 dBsm or -52.6 dBsm respectively at 10 GHz. Theoretically,

the incoherent scattering sets the "minimum"” RCS. However, as can be
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seen in the frequency domain plots (Figure 4.14, 4.17, 4.19), the RCS
goes well below -70 dBsm near 10 GHz for all three shapes.

The Sloped Diamond is physically larger than the other three
shapes, but as seen in Figure 4.22, its RCS near 10 GHz is about -80
dBsm. The 30 degree sloped cylinder is nearly a cubic foot in volume,
but measurements (Figure 4.9) show levels below -80 dBsm near 10 GHz.
This data indicates that the incoherent scattering is below the accepted

predicted levels.

Prediction Model

One other set of measurements were required for this project. In
the course of deriving the prediction model, same knowledge of the main
scattering mechanisms for the partial cylinder was required. Figure
4.23 shows two of the time damain plots made in the study.

The two plots consider the incidence angles 6= 0° (top) and 8=60°
(bottam). At 6=0°, the flat surface looks like a flat plate, hence the
strong return. The diffraction terms associated with the reflection
shadow boundaries are responsible for most of the scattering for normal
incidence on a flat plate. The reflection from the front convex surface
is a fairly strong term also.

At 8=60°, the incidence angle is at the reference angle y, so the
reflection fram the convex surface has ceased. The diffractions from
the forward corner must smooth out the scattering void left by loss of
the reflection term. The strength of the diffraction is nearly as
strong as the one seen for the reflection at 8=0°. Since the curved
surface is nearly perpendicular to the incident rays, the diffraction

can be associated with the RSB from this corner.
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Appendix F shows the series of measurements made, with a brief
description of the scattering. The results of the measurements were
that the total scattered field can be attributed to the reflections from
the curved surface and the diffraction terms associated with the

reflection shadow boundaries.
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V. Conclusions and Recammendations

Sumary

This thesis investigated the scattering fram foamed plastic target
supports. In particular, two areas were studied. The first involved
the derivation of an RCS prediction model for a given two dimensional
colum. The second area was the design and measurement of low RCS
foamed plastic support colums.

The derivation used a modified version of the Uniform Theory of
Diffraction to calculate the backscatter from a expanded bead
polystyrene co’ .n. This prediction model summed the various scattering
contributions fram the target. The contributions arose fraom reflections
from curved dielectric surfaces and diffractions from curved and flat
dielectric edges. Each term was scaled by cambinations of reflection
and transmission coefficients which partially determined its relative
strength. The RCS model accurately predicted the RCS fram two
variations of the selected target at both horizontal and vertical
polarization.

The design and measurement area examined the effects of shaping
on the coherent return fram foamed plastic target supports. Sloping was
introduced on a right circular cylinder to drastically reduce its RCS.
Other colums were measured with the intent of finding a shape that
would produce a very low RCS over a 90 degree sector. Two shaped
colums were identified which returned only -70 dBsm across most of the

frequency band from 6 to 18 Gigahertz.
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Conclusions

The conclusions found in the process of this research are:

1. The formulas often used to calculate the incoherent scattering
from polystyrene based materials do not correctly predict the levels of
the backscattered signal. No incoherent effects were noted during the
measurements of the various EPS targets. That is, none exceeded the
noise floor of the AFIT RCS Chamber. Several targets with a predicted
incoherent RCS of -65 dBsm measured well below -80 dBsm.

One particular assumption that is made for these formulas is that
the scattering of the individual particles are independent of nearby
particles. For this assumption to hold, spherical scattering particles
rfust be separated by at least 3 times their diameter [2]. However, with
expanded bead polystyrene, the beads are very tightly packed, and this
requirement is not met.

2. The Uniform Theory of Diffraction is a very accurate tool for
calculating the backscatter from foamed plastic two dimensional targets.
Often, physical optics or surface integrals are used to predict the RCS
of support colums [2] [15]. These techniques can be quite cumbersome,
and UTD is a relatively simple alternative method for achieving accurate
RCS predictions.

3. Shaping is critical in the design of foamed plastic target
supports. Although the reflection coefficient is very low, around .004,
presenting a flat surface to the receive antenna results in a large RCS.
Sloping the outer surfaces of cylindrical colums reduced their RCS by

up to 25 dBsm.
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4. Low RCS shapes such as wedges and ogives can be used in
designing low RCS colums. This study measured three shaped two
dimensional colums, which were less than -60 dBsm or less across the
frequency band from 6 - 18 GHz in a 90 degree sector of angles. Even
though the RCS was low, the RCS fram the sloped circular cylinders was
even lower, at nearly -70 dBsm. Additionally, the sloped cylinders have

the advantage of being useful at all incidence angles.

Recamendations

This project introduced an effective means to calculate the RCS of
foamed plastic target supports and showed that simple shaping can
drastically reduce the RCS of the commonly used cylindrical target
support. Further research could follow several avenues.

First, the UTD method could be used to predict the RCS of other
two dimensional colums. Since the noise floor of the AFIT Chamber
inhibited measurements of the shaped colums, predictions could be
accanplished on these ceolums to determine how low the RCS is in the
front sector.

Second, the AFIT Chamber is being upgraded with a hardware gating
device and a new transmit amplifier. These additions should lower the
noise floor, allowing for better low RCS measurements. If so, further
measurements could be done on cambinations of sloping and shaping. This
would include measurements to determine which slope angle provides the
minimum return, for both cylinders and shaped colums.

Finally, the issue of incoherent scattering should be addressed in
more detail. RATSCAT engineers claim that the incoherent scattering is

a problem when the physical size of the target support is large [15].

5.3




Since large target supports can not be measured in the laboratory,
perhaps RATSCAT could provide range time for further research to measure
large colums with low coherent RCS shapes. In addition, the incoherent
scattering model could be modified to account for the effects of

particles whose scattering is dependent on neighboring particles.
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APPENDIX A

Fortran Prediction Code

This appendix lists the fortran code that was used to generate the
RCS of the partial cylinder. This program was camwpiled and run on the

AFIT VAX camputer.
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Thesis Project
RCS Fram a Partial Circular Cylinder
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Fortran program (cyl.for) to calculate RCS of partial *
cylinder. This program works for either horizontal (hard) *
polarization or vertical (soft) polarization. For hard, *
set the variable polz to 1; for soft, set the variable *
polz to -1. *

e e e e 3¢ 3 A e e e e 3k e e v e 3k vk vk e e e 2 e e sk e e ke vk e e e ok e 3 ke e e ok e a3k ke ok ke e ok ok e e ok o ok kK

* Define variable types for main program

integer i,ii

real a,d,pi,lambda,k,n, R, psi, rho, rhop, air, sty
real rhol,rho2,phil,phi2,theta(0:360),thetad(0:360)

real L1,L2,Lrol, Lro2, Lro3, Lro4, polz, deg, freq

real sigma(0:360), 1, REF, TRN, zero, rca, rcs, tca, tcs

cawplex j, UR, U1TI,U1TR, U2TI, U2TR, U1lTC, U2TCl, U2TC2
camplex DSHI, DSHR, Utot(0:360)

cawplex URP, U2BI,U2BR,U1BI,Ul1BR,U1BC1,U1BC2, U2BC
camplex phasel, phase2

* Variable Initialization: determined and filled in by user.

air = 1.0006 ! Relative permittivity of air.

sty = 1.021 ! Relative permitivitty of styrofoam.

polz= -1, ! +1 for Hard -1 for soft.
freq=10.%10.%*9, ! frequency determined by user.
lambda=3.*10.**8./freq ! wavelength.

a=5.0%.0254 ! Radius of cylinder in meters.

d=8.625 *.0254 ! distance across the flat face in meters.
R=10000. * ]jambda ! Far field distance to source.

1=.254 ! Length of cylinder in meters

* Set up constants.

pi=3.141592654

k=2,0%pi/lambda ! wave number,

j=(0.0,1.0)

deg=180./pi ! radian to degrees conversion factor.
zero = 0.0

* Define same of the working variables.

rho= R - a ! Distance: Source to outer shell.
rhop=R+a ! Distance: Source to inner shell.
psi= asin(d/(2.%*a)) ! Angle from theta=0 to cormer.
gamma=pi/2. - psi ! Angle of tangent line at cormer.
n=2 ! needed for diffraction coefficient
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Choose theta as index, increase by one degree increments.

do 100 i=0,180
thetad(i)=float(i)

* Move angles slightly to avoid singularities at 180, 90, O degrees.

* ¥ % ¥ %

if ( thetad(i) .eq. 180.) then
thetad(i) = 179.8

endif

if ( thetad(i) .eq. 0.0) then
thetad(i)=.2
endif

if ( thetad(i) .eq. 90.) then
thetad(i) = 89.8
endif

theta(i)=thetad(i)/deg
rhol=R-a*cos(psi-theta(i)) ! Distance: source to corner 1.

rho2=R-a* sin(gamma - theta(i)) ! Distance: source to corner 2.

phasel

cexp(-2. * j * k * rhol) ! 2-way phase shift.
phase? *

cexp(-2. j * k * rho2) ' 2-way phase shift.

The L terms are distances for the diffraction coefficients. L is
used for the straight edges, while Lro is used for the curved edges.

L1l = rhol/2. ! Commer 1.

L2 = rho2/2. ! Corner 2.

Lrol =(rhol * .5 * a) / (.5 * a + rhol) ! Convex corner 1.
Lro2 =(rho2 * .5 * a) / (.5 * a + rho2) ! Convex corner 2.
Lro3 =(rho2 * -.5 * a) / (-.5 * a + rho2) ! Concave corner 2.
Lro4 =(rhol * -.5 * a) / (-.5 * a + rhol) ! Concave corner 1.

Solve for the reflection and transmission coefficients using
subroutines: functions of (incident angle, polz, epl, ep:).

rca = REF(polz,air,sty) ! refl coef fram air-sty
tca = TRN(polz,air,sty) ! tran coef from air-sty
rcs = REF(polz,sty,air) ! refl coef from sty-air
tcs = TRN(polz,sty,air) ! tran coef from sty-air

Solve for the various mechanisms, which have been scaled the amount
of the singularity at its ccrresponding shadow boundary.

UlTI means top corner 1 ISB, etc.

DSHI and DSHR are subroutines to calculate the diffraction
coefficients due to the incident and reflection shadow boundaries.

ULTI = phasel * (1.-(tca*tcs)) * DSHI(k,n,b3,Ll)
UlTR = phasel * (tca*rcs*tcs)* DSHR(polz,k,n,b3,L1}
U2T1 = phase2 * (1l.-(tca*tcs)) * DSHI(k,n,b4,L2)
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U2TR = phase2 * (tca*rcs*tcs) * DSHR(polz,k,n,b4,L2)

UlTC = phasel * (rca) * DSHR(polz.,k,n,b5,Lrol)

U2TC1 = phase2 * (rca) *DSHR(polz.,k,n,b6,Lro2)

U2TC2 = phase2? *(tca*rcs*tes)*DSHR(polz,k,n,b6,Lro3)
UR=(cexp(-2. *j*k*rho))*sqrt((rho*a/2.)/((a/2.)+rho))*rca

*  Continue steps for theta > 90.

UlBR = phasel * rca *DSHR(polz,k,n,c4,Ll)

UlBI = phasel * (1.-(tca*tcs)) * DsHI(k,n,c4,Ll)
U2BR = phase?2 * rca *DSHR(polz,k,n,c3,L2)

U2BI = phase? *(1l.-(tca*tcs)) * DSHI(k,n,c3,L2)
Ul1BCl = phasel * rca *DSHR(polz.k,n,c5,Lrol)

UlBC2 = phasel *(tca*rcs*tcs)*DSHR(polz,k,n,c7,Lro4)

U2BC = phase2 * (tca*rcs*tcs)*DSHR(polz,.k,n,cl0,Lro3)
URP= (cexp(-2.*j*k*rhop) )*sqrt((rhop*a/2.)/((a/-2.)+rhop))
URP = URP*rcs*tca*tcs*cexp(j*pi/2.)

* Sum up all the mechanisms needed for each angle.

if (theta(i) .lt. gamma) then
Utot (1)=U1TI+ULlTR + U2TI+U2TR + UITC + U2TCl + UR
elseif (theta(i) .lt. psi) then
Utot(i)= UITI+U1TR + U2TR + ULTC + U2TC2 + UR
elseif (theta(i) .le. pi/2.) then
Utot(i)= UITI+U1TR +U2TR + UITC + U2TC2
elseif (theta(i) .1t. (pi/2.+gamma)) then
Utot(i)=UlBR+ U2BI+U2BR + U1BCl + U2BC
elseif (theta(i) .1t. (pi-gamma)) then
Utot(i)=UlBR + U2BI+U2BR +UlBCl + U2BC + URP
else
Mtot(i)=U1BI+U1BR + U2RI+U2BR + UlBC2 + U2BC + URP
endif

* Calculating RCS. Use approximation for 2D to 3D RCS.

sigma(i)=10.%*alogl0(2.*%1*]1/lambda*2.*pi*(cabs(Utot(1i)))**2)

* Fill in from 180 to 360 by making symmetric.
ii=360-i
sigma(ii)=sigma(i)
thetad(ii)=360.-float(i)
theta(ii)=2*pi-float(i)/deg

100 continue
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* Print out results. If radians needed, use theta(i)
do 200 i=0,360
write(*,300)thetad(i), sigma(i)
300 format(3x,2(1lpel3.4))
200 continue

stop
end

* Function to calculate Reflection Coeffient

REAIL, FUNCTION REF(polz,epl, ep2)

¢ Input: polz=-1 for electric line source, +1 for magnetic line source

c epl= incident ep2= boundary
c Output: REF

c

c

real epl, ep2, polz, templ
templ= sqrt ((ep2/epl))
if (polz .eq. 1.) then
REF=(ep2/epl -templ)/(templ+ep2/epl)
elseif (polz .eq. -1.) then
REF=(1.-templ) / (1l.+templ)
endif
return
end
*  Function to calculate Transmission coefficient
REAL FUNCTION TRN(polz,epl,ep2)
real epl, ep2, polz, R, REF
R = REF(polz,epl,ep2)

TRN = 1. + R

A.5




QaQ

aaaan

* Q

anaaan

Qa0

Function to calculate Diffraction Coeffient for ISB
OOMPLEX FUNCTION DSHI(k,n,phi,L)
This is the second term of the four term diffraction coefficient for

wedges, written by Capt Joseph. Its been modified to work
on the single diffr term... for the ISB.

Input: L=(rho*rho_pr)/(rho+trho_pr) in terms of wavelength
Output: Dshi

real pi, n, phi, phi_pr, L, k
real N 2, a2

real kla_2, cot_2

camplex 3, F 2

pi = 3.141592654
j = (0.,1.)
phi_pr = phi
N_2 = real( nint( (-pi+(phi-phi_pr)) / (2.*pi*n) ) )
a_2 = 2. * (cos( (2.*n*pi*N_2-(phi-phi_pr)) / 2. ))**2
kia 2 =k *L * g 2
call fctx(l, F_2, kLa_2)
cot_2 = 1. / (tan( (pi-(phi-phi_pr)) / (2.*n) ))
DSHI = -cexp( -j*pi/4.) / (2.*n*sqrt(k*2.*pi))* (cot_2*F_2)
return
end
Function to calculate Diffraction Coeffient for RSB
OOMPLEX FUNCTION DSHR(polz,.k,n,phi,Lro)
This is the fourth term of the four term diffraction coefficient, for
wedges, written by Capt Joseph. Its been modified to work
on the single diffraction term...RSB of a curved edge. By
adding Lro for the curved face.
Input: polz=-1 for electric line source, +1 for magnetic line source

Output: Dshr

real pi, n, phi, phi_pr, L, polz,k,Lro
‘real N_4, a_4

veal kla 4, cot_4

camwplex j, F_4
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gi = 3.141592654

o & o

N_4 = real( nint( (-pi+(phi+phi_pr)) / (2.*pi*n) ) )
a_4=2. * (cos( (2.*n*pi*N_4-(phi+phi_pr)) / 2.) )**2
kLa_4 = k * Lro * a_4

call fectx(l, F_4, kLa_4)

cot_4 = 1. / (tan( (pi-(phitphi_pr)) / (2.*n) ))

DSHR = -cexp( -j*pi/4.) / (2.*n*sqrt(k*2.*pi))*cot_4*F 4

return
end

c This subroutine, also written by Capt Joseph, is used by the
c diffraction coefficient functions to calculate to fresnel integral.

10
11
12

subroutine fectx(id,fct,x)

camplex £xx(8),£x(8),cj,fct

dimension xx(8)

data pi,tpi,sml/3.14159265,6.28318531,0.001/

data xx/.3,.5,.7,1.,1.5,2.3,4.,5.5/

data ¢3j/(0.,1.)/

data £x/(0.5729,0.2677),(0.6768,0.2682),(0.7439,0.2549),
+(0.8095,0.2322),(0.873,0.1982),(0.9240,0.1577),(0.9658,0.1073),
+(0.9797,0.0828)/

data fxx/(0.,0.),(0.5195,0.0025),(0.3355,-0.0665),
+(0.2187,-0.0757),(0.127,-0.068),(0.0638,-0.0506),
+(0.0246,-0.0296),(0.0093,-0.0163)/

if (x.1t.0.0) k=-1
x=abs(x)
if(x.gt.5.5)go to 1
if(x.gt.0.3)go to 10
fct=((1.253,1.253)*sqrt(x)-(0.,2.)*x-0.6667*x*x)*cexp(cj*x)
if(id.eq.2) fct=2.*cj*x*(1.,-fct)
return
do 11 n=2,7
if(x.1t.xx(n))go to 12
fect=fxx(n)*(x-xx(n))+fx(n)
if(id.eq.2) fct=2.*cj*x*(1.,-fct)
return
if(id.eq.1l) fct=1l.+cmplx(-0.75/%x,0.5)/x
if(id.eq.2) fct=1l.+amplx(-3.75/%,1.5)/x
if(k.eq.-1) fct=coni(fct)
return
end
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APPENDIX B

Noise Floor Measurements of the AFIT RCS Chamber

This appendix contains noise floor measurements taken on various

days. The plots are given to show the variations of the noise floor,

and are for information only.

For each measurement, each data point was

averaged over 256 samples. In the azimuth scans, the data was taken

every 1 degree. In the frequency scan, the data was taken every .01

Gz.

B.1




This plot shows a measurement of a low noise floor.
The measured target was the empty roam.
The polarization was vertical. Freq = 7 GHz.
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Noise Floor Measurement, Azimuth Scan




This measurement included a 3 inch st
yrofoam mount, that
Serves as a target support. That is, the mount was ha

included in both the background and target measurement.
The polarization was vertical. Freq = 15 GHz.
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This plot shows the noise floor of a frequency scan.
Gating was not used in this case, however it coammonly
reduces the noise by 20 dB. The polarization

was horizontal.
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APPENDIX C

RCS Measurements of the Sloped Cylinders

This Appendix contains additional measurements for the various

sloped cylinders discussed in Sectian 1IV.
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Frequency = 7 GHz Vertical Polarization
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Frequency = 7 GHz Horizontal Polarization
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Frequency = 7 GHz Horizontal Polarization
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APPENDIX D

RCS Measurements of the Shaped Colums

This appendix contains additional measurements for the Diamond,
the Wedge-Ogive, and the Ogive. All were made at 10 GHz with vertical

polarization. Each figure shows two measurements of the colum.
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APPENDIX E

RCS Measurements of the Sloped Diamond

This appendix contains additional measurements made for the sloped
Diamond colum. In some figures, a camparison against the Diamond is

shown. All measurements used vertical polarization.

E.l




o
"
o
B
a v
=
p—r e
[ar)
w P
)
= .
o
= @
0
<.
PPN
N
o : : <
® T T ] T | I &
0. 45. 90. 135. 180. 225. 270. 315. 360.
ANGLE IN DEGREES
0. 4S. 90. 135. 180. 225. 270. 315. 380..
o 1 L L | | o
e ' ' ' "
=
8 <
Q T
Z.
[— .
o
wl a
=)
= .
o
= ©
)
<
P =
~
!
6 : : : : ; o
o T T T T T T T @
0. 45. 90. 135. 180. 225. 270. 315. 360.

ANGLE IN DEGREES

Figure E.1. Coamparison of Diamond and Sloped Diamond at F=10 GHz

E.z




‘0%- "0S- "09- "0/Z- "08- "06-"00T-"011-

»

18.

-

1 T T 1 1. To

"0b- *06- "09- "0/~ "08- "06-"001-"01T1-

WSEd NI 30N1IN9VW

FREQUENCY IN GHZ

“0b- "0G- "09- "0Z- "08- "06-°001-"0171-

®© L Lo ®
— : : H —
N U I U S S o
— H -4
S SRS SO SO s A ¢
- : —
ot I A S o
— H —
8.1 ....................................................................... R T.8
o T 1T T 1T 1 1 ©

"Ob- "0S- "09- 0Z- "08- *06-°'00T-"0TT
WSEd NI 3ANLINOVI

FREQUENCY IN GHZ

Camparison of Tip-On Frequency Respanse

Figure E.2.

E.3




These plot
causes mos

S show that the edge connecting the sloped sides
t of the return. This suggests that same type of

rounding may help to lower the RCS.
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APPENDIX F

Impulse Response Plots of the Partial Cylinder

This appendix contains a series of measurements used to determine
the daninant scattering mechanisms for the partial cylinder. Each plot
represents a particular incident angle 8.

Figure F.1 shows the high return associated with the reflection
from the flat face, and the rapid fall-off as 8 changes slightly.
Figure F.2 shows that as 0 gets larger, the reflection fram the curved
face daminates. In Figure F.3, 86 is approaching and reaching the angle
9., where the reflection ends. At 6 = ¢ = 60° the forward cormer
diffraction is high enough to smooth the retutn. The return from this
corner decrease with angle, as seen in Figure F.4. At 6=90°, the only
mechanisms are fram the two curved edge, and these are very weak.

At 8> 120° the reflection fram the concave surface begins. Figure
F.5 shows the response before and after the reflection occurs. Figure
F.6 displays the final plots. At 6=165" the forward corner diffraction

grows stronger, and at 6=180°, the flat plate again daminates.
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